L-Ornithine production in the alfalfa microsymbiont Sinorhizobium meliloti occurs as an intermediate step in arginine biosynthesis. Ornithine is required for effective symbiosis but its synthesis in S. meliloti has been little studied. Unlike most bacteria, S. meliloti 1021 is annotated as encoding two enzymes producing ornithine: N-acetylornithine (NAO) deacetylase (ArgE) hydrolyses NAO to acetate and ornithine, and glutamate N-acetyltransferase (ArgJ) transacetylates L-glutamate with the acetyl group from NAO, forming ornithine and N-acetylglutamate (NAG). NAG is the substrate for the second step of arginine biosynthesis catalysed by NAG kinase (ArgB). Inactivation of argB in strain 1021 resulted in arginine auxotrophy. The activity of purified ArgB was significantly inhibited by arginine but not by ornithine. The purified ArgJ was highly active in NAO deacetylation/glutamate transacetylation and was significantly inhibited by ornithine but not by arginine. The purified ArgE protein (with a 6His-Sumo affinity tag) was also active in deacetylating NAO. argE and argJ single mutants, and an argEJ double mutant, are arginine prototrophs. Extracts of the double mutant contained aminoacylase (Ama) activity that deacetylated NAO to form ornithine. The purified products of three candidate ama genes (smc00682 (hipO1), smc02256 (hipO2) and smb21279) all possessed NAO deacetylase activity. hipO1 and hipO2, but not smb21279, expressed in trans functionally complemented an Escherichia coli DargE : : Km mutant. We conclude that Ama activity accounts for the arginine prototrophy of the argEJ mutant. Transcriptional assays of argB, argE and argJ, fused to a promoterless gusA gene, showed that their expression was not significantly affected by exogenous arginine or ornithine.
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INTRODUCTION
Rhizobia are Gram-negative bacteria that reduce atmospheric nitrogen to ammonia in symbiotic association with leguminous plants. L-Amino acid synthesis by rhizobia is generally crucial for the establishment and/or maintenence of a nitrogen-fixing symbiosis. In the alfalfa microsymbiont Sinorhizobium meliloti, mutants defective in the early steps of the arginine pathway (ornithine/arginine auxotrophs) are symbiotically defective, while those blocked in later steps (ornithine prototrophs/arginine auxotrophs) are effective, indicating that ornithine is especially important in symbiosis (Dunn, 2015) .
Ornithine is produced in S. meliloti as an intermediate in arginine biosynthesis and as a product of arginine degradation (Dunn, 2015) . Besides arginine, metabolites derived from ornithine include polyamines (Shaw et al., 2010) , ornithine-containing lipids (Ló pez-Lara et al., 2005) and proline (Soto et al., 1994a, b) . We hypothesize that a reduced ability to synthesize polyamines, which are required for the normal growth of rhizobia (Shaw 2011) , explains why S. meliloti ornithine auxotrophs are symbiotically defective (Arteaga & Dunn, 2015; Dunn, 2015) .
Several variations in the enzymic steps converting glutamate to arginine exist in bacteria, making it an attractive model for studying genetic and biochemical regulation (Cunin et al., 1986; Xu et al., 2007) . Arginine biosynthesis begins with the transfer of the acetyl group from acetyl-coenzyme A (acetyl-CoA) to glutamate, forming N-acetylglutamate (NAG). This reaction is catalysed by NAG synthase (EC 2.3.1.1), which may occur as either a fulllength form, designated ArgA, or as a truncated form called Arg(A). NAG can also be made by a bifunctional glutamate N-acetyltransferase (ArgJ; EC 2.3.1.35) that synthesizes NAG de novo from glutamate and acetyl-CoA and, in the fifth step of the pathway, deacetylates N-acetylornithine (NAO) to form ornithine. Monofunctional ArgJs perform only the NAO deacetylation/glutamate transacetylation reaction and cannot synthesize NAG de novo. Mono-and bifunctional ArgJs recycle the acetyl group from NAO by adding it to glutamate, forming NAG. Bacteria using a mono-or bifunctional ArgJ to deacetylate NAO possess what is called an acetyl group recycling pathway, which occurs in diverse prokaryotic taxa. Of more limited occurrence are bacteria (mostly enterics) with a linear arginine pathway, in which NAO is deacetylated by NAO deacetylase (ArgE; EC 3.5.1.16), with loss of the acetate group to the environment. Most bacteria have only ArgE or ArgJ, and can thus be unambiguously classified as having the linear or recycling pathway, respectively. While the co-occurrence of both enzymes in the same organism is rare, it occurs in the model laboratory organisms Pseudomonas aeruginosa and Corynebacterium glutamicum (Xu et al., 2007) .
The biochemical regulation of the linear and recycling pathways differs. In the second step of arginine synthesis, NAG kinase (ArgB; 2.7.2.8) phosphorylates NAG to form N-acetyl-L-glutamyl-5-phosphate. In bacteria with the recycling pathway, arginine allosterically inhibits ArgB (a homohexamer). In the linear pathway, the target of arginine inhibition is ArgA, and the ArgB (a homodimer) is arginine insensitive (Xu et al., 2007) .
The predicted S. meliloti 1021 arginine biosynthesis pathway ( Fig. 1) contains both ArgE and ArgJ (Dunn, 2015) , which are non-homologous isofunctional enzymes, rather than isoforms derived from a common ancestral form (Omelchenko et al., 2010) . Because ArgE is the only enzyme of the predicted pathway encoded on a megaplasmid, it was suggested to have an ancillary role in ornithine production (Barnett et al., 2001) . ArgJ is annotated as a bifunctional enzyme in the S. meliloti genome sequence and would thus synthesize NAG de novo as well as deacetylate NAO. NAG synthesis by a bifunctional ArgJ could be essential for initiating arginine synthesis in S. meliloti 1021, which lacks argA. Strain 1021 encodes several arg(A) candidates but individual inactivation of these genes did not cause arginine auxotrophy (Madrid, 2013) . The presumed presence of a bifunctional ArgJ would make the activity of an Arg(A) unnecessary or purely anaplerotic (Xu et al., 2007) .
Arginine synthesis has been intensively studied in P. aeruginosa and C. glutamicum, but the relative participation of their ArgE and ArgJ enzymes in NAO deacetylation has not been addressed. Because ornithine is essential for a functional S. meliloti-alfalfa symbiosis, our aim here was to characterize the strain 1021 arginine synthesis pathway to: (i) determine the relative participation of ArgE and ArgJ in NAO deacetylation; (ii) experimentally demonstrate the mono-or bifunctionality of ArgJ and its regulatory properties; (iii) determine the arginine sensitivity of ArgB; and (iv) establish whether argB, argE and argJ were transcriptionally regulated in response to exogenous arginine or ornithine.
METHODS
Bacterial strains, plasmids and culture growth conditions.
Bacterial strains and plasmids are listed in Table 1 . PY and LB complex media, minimal medium with succinate and NH 4 Cl as carbon and nitrogen sources, respectively (MMS) and minimal medium M9 were prepared as described previously (Dunn et al., 2001) . For growth analysis, S. meliloti and E. coli strains were grown in 50 ml portions of medium without antibiotics in 125 ml baffled flasks with agitation at 200 r.p.m. at 30 uC and 37 uC, respectively. When needed for strain selection, antibiotics were used at the following final concentrations (mg ml 21 ): carbenicillin (Cb), 50; chloramphenicol (Cm), 100; gentamicin (Gm), 15; kanamycin (Km), 50; nalidixic acid (Nal), 20; neomycin (Nm), 60; spectinomycin (Sp), 100; streptomycin (Sm), 200. Amino acid supplements were prepared as filter-sterilized, 0.5 M pH 6.8 stocks. Standard protocols were used to grow E. coli for genetic manipulations (Sambrook et al., 1989) .
PCR amplification and DNA manipulations. PCR primers (Table  S1 , available in the online Supplementary Material) were used in PCRs with Accuprime Taq DNA polymerase (Invitrogen) to clone genes whose products were to be purified, or with Dream Taq Green PCR master mix (Fermentas) for other purposes. PCR cycling programs included a denaturing step at 95 uC for 1 min followed by 30 cycles of 95 uC for 1 min, 56 uC for 1 min and 72 uC for a time appropriate for the length of the DNA being amplified. A final elongation step was made at 72 uC for 10 min. DNA isolation, restriction digests, cloning and transformation were performed by standard methods (Sambrook et al., 1989) or using commercially available kits. Bacterial conjugations and high-stringency DNA hybridizations were performed as described previously (Girard et al., 2000) . The stability of insertion elements and plasmids in cultures was confirmed by antibiotic resistance screening and plasmid profile analysis, Southern hybridization and/or PCR to detect the presence of insertions (Zamorano-Sánchez et al., 2012) , and by enzymic assays to confirm the absence of the relevant enzyme in mutants.
DNA and protein sequence analysis. DNA and protein sequences were obtained from the Rhizobase (http://genome.microbedb.jp/ rhizobase/) and UniProtKB (www.uniprot.org) servers and sequence alignments made with the CLUSTAL W program (Thompson et al., 1994) at the Network Protein Sequence Analysis server (https://npsaprabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_clustalwan.html). Additional protein sequence analysis was performed via the Prosite web server (http://prosite.expasy.org/).
Cell culture and extract preparation. Cultures for extract preparation were grown in MMS with or without exogenous arginine or ornithine (1 mM final concentration) for 18 h at 30 uC, 200 r.p.m. prior to harvest. Cell-free protein extracts were obtained by sonication (Dunn et al., 2001) in 100 mM potassium phosphate buffer (pH 8) containing 10 % glycerol (and 1 mM reduced glutathione (GSH) for assays of ArgE/Ama and ArgJ) followed by centrifugation at 12 100 g. Low-molecular mass metabolites were removed on BioGel P6-DG (Bio-Rad) desalting columns prior to assay.
Enzyme assays. All reactions were incubated at 30 uC, except for the 5,59-dithio-bis(2-nitrobenzoic acid) (DTNB)-based ArgA (NAG synthase) assay, performed at room temperature. For all assays, 1 U of enzyme activity equals 1 nmol of product min 21 mg protein
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NAO deacetylase (ArgE) and aminoacylase (Ama) assays. These activities were assayed in 100 ml reactions, containing 100 mM potassium phosphate (KP) buffer (pH 8.0), 1 mM GSH, 0.2 mM CoCl 2 and 18 mM NAO. Reactions were started by adding extract or purified enzyme and ornithine formation quantified as described by Vogel & Bonner (1956) based on a standard curve. To determine enzyme metal ion requirements, enzyme samples were dialysed at 4 uC against 100 mM KP buffer (pH 8.0)/5 % (v/v) glycerol/1 mM EDTA, followed by dialysis versus the same buffer lacking EDTA. Stock solutions of CoCl 2 , MnCl 2 and ZnSO 4 were prepared in water at a concentration of 20 mM. NAO deacetylation activities were determined in timecourse reactions with or without a 0.2 mM final concentration of a divalent cation.
Glutamate N-acetyltransferase (ArgJ) assay. The standard assay reaction mixture contained 100 mM Tris/HCl (pH 7.5), 6 mM NAO and 6 mM L-glutamate (Kershaw et al., 2002) in a total volume of 0.5 ml. Control reactions lacked glutamate. Reactions were started by adding enzyme, and ornithine formation was detected with ninhydrin (Vogel & Bonner, 1956) and quantified based on a standard curve. Activity of the purified ArgJ at varied L-glutamate concentrations was determined in reactions containing 0.13 mg enzyme, 30 mM NAO and 1, 2.5, 5, 10, 20 or 30 mM L-glutamate. Assays with varied NAO contained 60 mM glutamate and 0.6, 1.5, 4.8, 9.6, 19.8 or 30 mM NAO. Kinetic values were calculated from the linear regression equations derived from Lineweaver-Burk plots. Reactions were performed in duplicate and values presented are the mean+SD for two independent experiments. Activity of the purified ArgJ in the presence of compounds not reacting with ninhydrin (NAG, L-arginine) was determined by adding pH-neutralized stocks of these compounds to the standard ArgJ reaction mixture at final concentrations of 0, 5, 20, 50 and 100 mM. L-citrulline reacts moderately with ninhydrin and was added to reactions at 0, 1, 2.5, 5 or 10 mM final concentration, with or without L-glutamate, and the absorbance of the glutamatelacking reactions subtracted from the absorbance of the complete reactions. To determine ArgJ inhibition by L-ornithine, an ArgBlinked assay was used in which standard ArgJ reactions containing ornithine (0, 1, 2.5, 5 or 10 mM) were incubated at 30 uC for 1 h followed by heating at 95 uC for 10 min. NAG content of the stopped reactions was determined in duplicate ArgB assay reactions lacking NAG and containing 10 mg of purified S. meliloti ArgB-His (Dunn et al., 2008) using the method described in the following section.
Fig. 1. Arginine biosynthesis in S. meliloti 1021 as deduced from this work. Enzymes discussed in this paper are shown in bold face. Abbreviations: Arg(A), N-acetylglutamate synthase short form; ArgB, N-acetylglutamate kinase; ArgC, N-acetylglutamyl phosphate reductase; ArgD, acetylornithine/succinyldiaminopimelate aminotransferase; ArgJ, monofunctional glutamate N-acetyltransferase; ArgE, N-acetylornithine deacetylase; ArgF, anabolic ornithine carbamoyltransferase; ArgG, arginosuccinate synthase; ArgH, arginosuccinate lyase; HipO1, HipO2 and SMb21279, enzymes annotated as hippurate hydrolases that deacetylate N-acetylornithine. 
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Reactions were incubated for 2 h prior to quantification. To determine the NAG synthase activity of the purified ArgJ, the DNTB-based and ArgB-linked ArgA assays were used. ArgJ activity in desalted cell extracts was determined as described for the ArgE/Ama assay, except that reactions lacked CoCl 2 and contained 10 mM NAO and 6 mM L-glutamate.
NAG kinase (ArgB) assay. The ArgB enzymic product was measured as a N-acetyl-L-glutamyl-S-hydroxamate:Fe 3+ complex at 540 nm (Haas & Leisinger, 1975a) . Reactions were incubated at 30 uC for 30 min, and halted reactions were briefly centrifuged prior to determining their absorbance. The standard ArgB assay contained 40 mM NAG, 10 mM ATP and 20 mM MgCl 2 , initial pH 7.2, in a total volume of 0.5 ml. For kinetic studies, NAG was varied in twofold increments between 0.625 and 40 mM, and ATP was varied in twofold increments between 0.625 and 10 mM, with concentrations of the other reactants as in the standard assay. These assays contained 0.74 mg of purified ArgB and values reported are the mean+SD for triplicate assays.
b-Glucuronidase (Gus) and protein assays. Cultures for Gus assays were grown for 8 h at 30 uC with shaking at 200 r.p.m. Gus activity was determined in duplicate samples of permeabilized cells by measuring the production of p-nitrophenol from the p-nitrophenyl b-D-glucuronide substrate with quantification based on total protein (Girard et al., 2000) . Values are the mean+SD for two independent experiments. Protein concentrations were determined by the Bradford (1976) method.
Recombinant protein purification. S. meliloti genes cloned in pSumo (Invitrogen) are listed in Table 1 and were used to overexpress recombinant 6His-Sumo tagged proteins in E. coli BL21(DE3). Gene amplification with the primers described in Table S1 and cloning were performed following the manufacturer's protocol. For protein overexpression and purification, transformant cultures were grown in 100 ml LB Km at 37 uC, 200 r.p.m. to an OD 620 of 0.6, IPTG was added to a final concentration of 0.5-1 mM and incubation continued for 6-24 h at 30 uC, 200 r.p.m. 6His-Sumo-tagged proteins were purified on Ni-NTA columns under native conditions and dialysed against 25 mM Tris/HCl (pH 8), 150 mM NaCl, 1 mM DTT at 4 uC overnight. Two hundred micrograms of dialysed protein was digested with 2-10 U of Sumo protease (Invitrogen) at 30 uC for 4 h. The protease and 6His-Sumo tag were removed by treatment with Ni-NTA matrix, yielding purified, tag-free enzyme in the non-binding fraction. The concentration of IPTG used for induction, incubation time post-induction and the amount of protease needed to produce good cleavage were determined empirically for each fusion protein.
S. meliloti mutant construction. To inactivate argJ (smc02450), its ORF with approximately 600 flanking nt was amplified from strain 1021 genomic DNA using primers argJ600-F and argJ600-R. This product was cloned by T-A annealing into pCR 2.1-TOPO to generate pTOPO-argJ. The insert was liberated from this plasmid with Kpn I and Xba I and cloned into pBCSK to give plasmid pBCSK-argJ. The VKm element from plasmid pHP45VKm was inserted into the Hind III site of argJ (412 nt after the start codon) to generate pBCSKargJ::VKm. The argJ::VKm insert was excised from this plasmid with Bam HI and Xba I and cloned into the positive-selection suicide vector pJQ200SK to form pJQargJ::VKm. This plasmid was conjugated into S. meliloti 1021 and double recombinants isolated by sucrose selection as described by Zamorano-Sánchez et al. (2012) . The mutant designated 1021argJ (Table 1) was used for further studies. To create the argE and argEJ mutants, the argE gene (sma1836) with flanking nt was amplified with primers argE-F and argE-R and the product cloned into pCR2.1-TOPO to create pTopo-argE. The argE region was excised with Xba I and Bgl II and cloned into the positiveselection suicide vector pK18mobsacB digested with Bam HI and Xba I to create plasmid pK18-argE. The VSp fragment from pHP45VSp was inserted into the Bam HI site located 79 nt after the argE start codon to generate pK18-argE::VSp. This plasmid was separately conjugated into S. meliloti 1021 and 1021argJ and double recombinants isolated as described for 1021argJ using the appropriate antibiotic selection. Single mutant 1021argE and double mutant 1021argEJ (Table 1) were used for further analysis. For argB mutagenesis, the loxSp17 (Sp r ) element excised from plasmid pMS102loxSp17 by Sal I digestion was inserted into the Sal I site of argB (smc01726) in pTopo-argB to obtain pTopo-argB::loxSp. The fragment argB::loxSp was removed with Eco RI and ligated with the positive-selection suicide vector pK18mobsacB digested with the same enzyme to obtain plasmid pK18-argB::loxSp (Table 1) . This plasmid was conjugated into S. meliloti 1021 and double recombinants isolated as described above. Mutant 1021argB was used for further studies.
E. coli mutant construction. DargA::Km and DargE::Km mutants were constructed in E. coli strains MC1400 and BL21(DE3), respectively. The genes were deleted by a one-step nonpolar gene inactivation procedure using the PCR primers described in Table S1 and replaced with a selectable Km resistance gene marker (Datsenko & Wanner, 2000) . Each construct was confirmed by PCR analysis utilizing the primers listed in Table S1 .
Complementation analysis of E. coli mutants. For constructing plasmids pET-17b-hipO1, pET-17b-hipO2 and pET-17b-smb21279 (Table 1 ), the S. meliloti genes were amplified with primer pairs phipO1F/phipO1R, phipO2F/phipO2R and psmb21279F/ psmb21279R, respectively (Table S1 ) and cloned into pTopo. The restriction sites introduced into the forward and reverse primers (Table S1 ) were used to insert the genes into the vector pET17-b under control of the vector's lacZ promoter. Plasmids were transformed into the E. coli DargA::Km and DargE::Km mutants, transformants were purified by restreaking on selective medium and the presence of the correct plasmid was verified by restriction enzyme digestion of isolated plasmids.
Construction of transcriptional fusions with the b-glucuronidase (gusA) gene. To construct plasmid pBB53argJ::gusA, a 360 nt 59 segment of argJ, along with 250 nt upstream of the initiation codon, were liberated from plasmid pTOPO-argJ-smc02449 with Eco RI and Sal I and ligated into pBBR1MCS-53 cut likewise to fuse the 0.61 kb argJ fragment to the gusA gene of the vector. For plasmid pBB53ar-gE::gusA, primers argEgusF and argEgusR were used to amplify a fragment spanning 474 nt upstream and 221 nt downstream of the argE initiation codon, using pTOPO-argE as a template. The PCR product was cloned into pTopo to create pTopo-argE1. The insert from this plasmid was excised using the Xba I and Kpn I sites introduced in the PCR and cloned into pBBR1MCS-53. For constructing pBB53argB::gusA, a fragment containing 186 nt upstream of the argB start codon and 487 nt of the coding sequence was excised from pBB5argB by digestion with Eco RI and Sal I. The fragment was cloned into pBBR1MCS-53 cut likewise. The correct transcriptional orientation of the cloned gene fragments in all of the gusA plasmid constructs was determined by restriction enzyme digest and by PCR analysis utilizing primer p53lw (reverse primer specific for gusA) and the relevant forward primer for the cloned S. meliloti gene (Zamorano-Sánchez et al., 2012). The gusA fusion plasmids were transferred to S. meliloti 1021 by triparental mating.
RESULTS

ArgB is essential for arginine prototrophy and is sensitive to arginine inhibition
The S. meliloti 1021argB mutant did not grow in MMS (Fig. 2a) unless the medium was supplemented with 1 mM ornithine (Fig. 2b) or arginine (results not shown). A 1021 argC mutant, previously reported to be an arginine auxotroph (Díaz et al., 2011) , also displayed the expected auxotrophy. ArgB activity in MMS cultures of the mutant was undetectable, while the activity in the WT was 37.1 + 5.5 U (mean+SD for duplicate cultures). Complementation of mutant 1021argB with plasmid pBB5-argB resulted in high ArgB activity (287+21 U; mean+SD for two independent experiments) and WT growth in unsupplemented MMS. In contrast, the mutant containing the empty vector was unable to grow and was devoid of ArgB activity (results not shown). In a separate experiment, the ArgB-specific activity in WT 1021 grown in MMS (41 + 5 U) was not lowered when 1 mM arginine was included in the cultures (47 + 9 U; mean + SD for two independent experiments), indicating that arginine does not repress ArgB synthesis. A lack of arginine repression has also been reported for P. aeruginosa ArgB (Haas & Leisinger, 1975a) .
Based on its deduced amino acid sequence, S. meliloti ArgB has a molecular mass of 31.2 kDa. Our previous characterization of the enzyme showed that it is a homohexamer composed of approximately 33 kDa subunits (Dunn et al., 2008) . Its deduced amino acid sequence is about 47 % identical to the hexameric (arginine-inhibited) ArgB from P. aeruginosa (Stover et al., 2000) .
Kinetic analysis of the purified ArgB gave apparent K m s for NAG and ATP of 2.01 + 0.3 and 1.97 + 0.5 mM, respectively, and an apparent V max of 232080+3200 U. In standard assay reactions, ArgB activity was 50 % inhibited by 0.90+0.04 mM arginine, while ornithine had no effect up to the maximum concentration tested (4 mM). In the presence of 1 mM arginine, the enzyme's K mNAG increased 3.5-fold (to 7.03 + 0.80 mM) while its K mATP increased only 1.25-fold (to 2.47 + 0.50 mM). Arginine decreased the enzyme's V max by 31 % (to 150 980+280 U). These results agree with those reported for other hexameric ArgBs, where arginine inhibits activity mostly by lowering the affinity for NAG (Fernández-Murga et al., 2004; Haas & Leisinger, 1975a, b; Lohmeier-Vogel et al., 2005; Xu et al., 2012) .
Sequence and experimental analysis for possible polar effects on neighbouring gene expression in the strain 1021 argB, argE and argJ insertion mutants
The genome context of argB shows that it is followed by a divergently transcribed gene (smc01727) encoding a hypothetical protein, making unlikely any polar effects of the loxSp insertion in argB on neighbouring gene expression.
The argE and downstream sma1838 likely form an operon based on the prediction of the database Microbes Online Operon Predictions for Sinorhizobium meliloti 1021 (http://meta.microbesonline.org/operons/gnc266834.html), meaning the transcriptional terminators in the VKm inserted in argE probably prevent transcription of sma1838. The latter gene is annotated as encoding a dehydrogenase of unknown function, but belonging to COG111, phosphoglycerate dehydrogenase and related dehydrogenases. S. meliloti encodes a chromosomal phosphoglycerate dehydrogenase (SerA) likely participating in serine biosynthesis (Dunn, 2015) . The prototrophy of the argE mutant (see below), which may also lack the dehydrogenase, argues against the participation of SMa1838 in the production of serine or another metabolite required for growth.
The argJ gene is annotated as being overlapped by smc02449, whose possible ATG start codon begins 29 nt upstream of the argJ termination codon. To determine the possible polar effect of the VKm insertion in argJ on smc02449 transcription, we fused the 59 half of the latter gene to gusA in plasmid pBBR1MCS53, with the insert also containing the upstream argJ plus its promoter region, with or without the VKm insert in the argJ coding sequence. Gus expression from both plasmids separately introduced into strain 1021 was easily detectable V. M. Herná ndez and others and present at the same level for each during growth in LB or MMS media (results not shown). Protein expression studies with smc02449 cloned into the vector pET-Sumo, with the insert initiating from its annotated start codon, or an alternative ATG start codon occurring some 150 nt downstream, resulted in expression only in the construct initiating with the alternative start codon (results not shown). Together, these results indicate that argJ and smc02449 do not overlap and that the transcription of the latter gene is not affected by the VKm insertion in argJ.
ArgE and ArgJ are dispensable for arginine biosynthesis
To determine whether both ArgE and ArgJ participate in or are essential for arginine biosynthesis, we characterized the growth of mutants in which argE (strain 1021argE), argJ (strain 1021argJ) or both (strain 1021argEJ) were inactivated. In unsupplemented MMS (Fig. 2a) , strains 1021argJ and 1021argEJ grew like WT and reached equal final cell densities, while strain 1021argE grew better than WT and reached a slightly higher final density. Growth of the WT and mutants was not significantly different in MMS containing ornithine (Fig. 2b) or arginine (results not shown) in comparison to unsupplemented medium. Thus, inactivation of argE, argJ, or both genes does not cause arginine auxotrophy or marked growth defects in S. meliloti.
Aminoacylase activity in S. meliloti 1021, 1021argE and 1021argEJ
The arginine prototrophy of the 1021argEJ mutant suggested the presence of an alternative NAO deacetylating activity able to functionally replace the missing ArgE and ArgJ activities. Using a ninhydrin-based assay to detect ornithine production from NAO, aminoacylase (Ama) activity was shown to be present in the double mutant (Table 2) . Because ArgE and Ama activities cannot be distinguished with this assay, we compared the combined activities in the 1021 WT with those in 1021argE and 1021argEJ, in which the argE gene is inactivated. ArgJ activity is not detected in this assay because it requires glutamate. The NAO deacetylating specific activities in strains 1021argE and 1021argEJ grown in MMS were 0.68 and 0.64 U, respectively, or 52-55 % of that of the WT. In the mutants, these activities represent Ama, while the additional approximate 0.6 U of ArgE/Ama activity in the WT represents ArgE. Thus, the total ArgE plus Ama activity in strain 1021 (1.24 U) is split about equally between Ama and ArgE. In strains 1021argE and 1021argEJ, exogenous arginine in the culture increased Ama activity about 1.4-fold, but did not alter ArgE/Ama specific activity in the WT. Ornithine supplementation did not significantly alter ArgE/Ama activity in any of the strains (Table 2) .
ArgE/Ama activity in strain 1021 was present at less than 10 % that of ArgJ activity. In strain 1021argE, ArgJ-specific activity in unsupplemented medium was about 1.5-fold higher than WT, which could be a cause or consequence of the enhanced growth of this mutant. As expected, ArgJ activity was undetectable in strains 1021argEJ (Table 2) and 1021argJ (not shown). These data support the notion that strain 1021argEJ is an arginine prototroph due to Ama activity.
ArgJ activity in the WT or strain 1021argE was unaffected by exogenous ornithine or arginine in the medium (Table 2) . Exogenous arginine (5 mM) did not affect ArgJ production in C. glutamicum (Sakanyan et al., 1996) but lowered ArgJ specific activity by 50-75 % in cultures of Termus thermophilus and Geobacillus stearothermophilus (Baetens et al., 1998; Sakanyan et al., 1993a) . Ornithine supplementation did not affect ArgJ production in T. thermophilus (Baetens et al., 1998; Sakanyan et al., 1992) .
The S. meliloti HipO1, HipO2 and SM_b21279 proteins possess Ama activity
The finding that S. meliloti has NAO deacetylating activity apart from that produced by ArgJ and ArgE (Table 2) led us to search for the gene(s) encoding this activity. The G. stearothemophilus aminoacylase Ama1 (GenBank accession no. X74289) deacetylates NAO in vitro and ama1 complements the growth defect of an E. coli argE mutant (Sakanyan et al., 1993b) . BLASTP analysis of S. meliloti 1021 with Ama1 as the query sequence returned the putative hippurate hydrolases HipO1, HipO2 and SM_b21279 as the only proteins with significant amino acid sequence identity/similarity (30.9-38.2 % to Ama1, as a group). Amino acid residues shown by site-directed mutagenesis to be involved in metal cation-binding and catalysis of a Pyrococcus horikoshii Ama (Tanimoto et al., 2008) are conserved in all four proteins. The three S. meliloti putative hippurate hydrolases share 45.5-49.1 % amino acid identity with one another, but less than 20 % identity with the S. meliloti ArgE. They all contain seven of the eight ArgE/DapE/Cpg2 family sequence signature residues occupied by an identical or functionally similar amino acid.
The S. meliloti putative hipurate hydrolases were cloned, overexpressed as 6His-Sumo fusions and obtained in purified form following removal of the affinity tag. Enzyme assays showed NAO deacetylation specific acivities of 549+19, 219+19 and 460+5 U, respectively, for HipO1, HipO2 and SM_b21279 (mean + SEM for triplicate assays).
The hipO1, hipO2 and smb21279 genes were separately cloned into pET-17b and introduced into the E. coli BL21(DE3)DargE::Km mutant (Table 1) . In M9 medium, the hipO1-complemented mutant grew nearly as well as the BL21(DE3) WT (Fig. 3) . Complementation of the mutant with hipO2 resulted in a much-reduced growth rate, but only slightly reduced growth yield after 24 h, in comparison with the hipO1-complemented mutant. The smb21279-complemented mutant did not grow. In the complementation tests, all of the strains grew well on M9 medium supplemented with ornithine (results not shown). None of the plasmids restored the growth of the E. coli MC1400 DargA::Km mutant. In contrast, the Campylobacter jejuni TGH9011 hipO (EMBL accession Z36940) functionally complements both E. coli argA and argE mutants (Hani et al., 1999) and has 42-44 % amino acid identity to the three HipO proteins from S. meliloti. Together, the enzyme activity and complementation data are consistent with one or more of the HipO enzymes being responsible for the arginine prototrophy of S. meliloti 1021argEJ.
ArgJ is a monofunctional enzyme sensitive to ornithine inhibition S. meliloti ArgJ-deduced protein sequence (413 aa) contains active site and heterotetramer interface site residues characteristic of the ArgJ family (Pfam PF01960), including a predicted autoproteolysis site between A194 and T195. Other ArgJs have been shown to undergo autoproteolysis, resulting in a and b polypeptides containing the N and C terminal portions, respectively, of the enzyme (Kershaw et al., 2002; Marc et al., 2000) . S. meliloti ArgJ purified as two peptides with molecular masses of 23 and 25 kDa (Table 3) , consistent with autoproteolysis occurring between A194/T195, which would generate a and b polypeptides with predicted masses of 20 and 23 kDa, respectively. The experimentally determined ArgJ native molecular mass of 88 kDa is within the range reported for other bacterial ArgJs (Table  3 ) and fits most closely with a a2b2 quaternary structure.
The apparent V max of the purified ArgJ was one to two orders of magnitude lower than that of the other bacterial ArgJs (Table 3 ) but 90-fold higher than that of the yeast enzyme. The apparent affinities of the S. meliloti enzyme for its substrates were greater than those of the other enzymes. Like the other characterized ArgJs, the activity of the S. meliloti enzyme was significantly inhibited by Lornithine (Table 3) but not by physiological levels of NAG or L-arginine (I 50 values of 22 and 62 mM, respectively). Citrulline, the intermediate following ornithine in the pathway, caused v15 % inhibition at 10 mM.
Using the DTNB-based and ArgB-linked ArgA assays described in Methods, the purified ArgJ did not synthesize NAG from L-glutamate and acetyl-CoA. This indicates that S. meliloti ArgJ is monofunctional and can only deacetylate NAO to form ornithine and NAG, and cannot synthesize NAG de novo. The ability of plasmid pBB5-argJ to complement the growth defect of the E. coli DargE::Km mutant, but not that of the DargA::Km mutant, supports this conclusion (data not shown).
Sequence analysis, purification and characterization of ArgE
The megaplasmid-encoded S. meliloti argE (SMa1836, 374 aa) encodes a predicted 39.7 kDa product with 28.5 % amino acid identity to the E. coli K-12 enzyme (383 aa). Both proteins conserve all active-site and metal-binding residues characteristic of the ArgE/DapE (diaminopimelate desuccinaylase)/Cpg2 (carboxypeptidase G2) family signature (Prosite PS00758 and PS00759).
Because the purified 6His-Sumo-ArgE lost all activity following removal of the affinity tag, we were unable to characterize the tag-free enzyme. The specific activity of the purified 6His-Sumo-ArgE was 1200 + 95 U (mean + SD for duplicate assays) and its apparent K m for NAO was about 4 mM (results not shown). Metal ion removal from the purified Sumo-ArgE decreased its activity by nearly 90 % in reactions without added CoCl 2 in comparison with those containing 0.2 mM CoCl 2 . MnCl 2 (0.2 mM) added to the reaction in place of CoCl 2 restored activity to about 40 % of that seen with CoCl 2 , while ZnSO 4 was completely ineffective (results not shown). The purified ArgE from E. coli also has its highest activity in the presence of cobalt (Cunin et al., 1986; Javid-Majd & Blanchard, 2000) .
Despite our ability to overexpress 6His-Sumo-ArgE from plasmid pSumo-ArgE in the E. coli BL21(DE3) WT strain, insertion of the plasmid into the BL21(DE3) DargE mutant did not restore arginine protrophy. Similarly, introduction of argE and its promoter region cloned into pGEM3Z, in the same transcriptional orientation as the T7 promoter of the vector, did not allow growth of the mutant in minimal medium M9 with or without IPTG. The mutant complemented with either of these plasmids grew well in M9 containing 1 mM ornithine (results not shown). The failure to complement the growth defect of the mutant with these plasmids could have resulted from a lack of expression of S. meliloti argE, or a lack of S. meliloti ArgE functionality in E. coli.
Expression of argB, argE and argJ transcriptional gene fusions
Although the strain 1021 genome sequence lacks recognizable genes for the genetic regulation of arginine gene expression (Dunn, 2015) , we thought it worth determining whether the transcription of the arg genes under study was affected by exogenous ornithine or arginine. To do this, strain 1021 containing the gusA fusion plasmids was grown in MMS without or with these amino acids and Gus activity was determined (Table 4) . When the SEM is taken into account, no significant alteration in the transcription of any of the arg genes by the exogenous amino acids was found.
In comparison with argE, the argJ fusion was expressed at a higher level, consistent with, though not proportional to, the higher ArgJ activity present in extracts. argB was transcribed at an intermediate level in comparison with argE and argJ. From these results, and the relatively unchanged specific activities of ArgB, ArgE and ArgJ in extracts prepared from cells grown with exogenous arginine or ornithine, we conclude that none of the arg genes are transcriptionally regulated by these amino acids.
DISCUSSION
A question posed by the presence of both ArgE and ArgJ in S. meliloti 1021 was whether the regulation of its arginine pathway more closely resembled a linear or acetyl group recycling pathway. The inhibition of ArgB by arginine is consistent with a recycling pathway and appears to be a key biochemical control point. The arginine auxotrophy of the argB mutant shows that alternative activities for NAG phosphorylation are absent or non-functional under the conditions tested.
A second question that we addressed was whether both ArgE and ArgJ were functional in producing ornithine from NAO. Based on the NAO deacetylating-specific activities in the WT and arg mutant extracts, the characteristics of the purified ArgJ and 6His-Sumo-ArgE and the higher transcriptional expression of argJ, we conclude that ArgJ contributes the major share of NAO deacetylating activity in S. meliloti. Demonstrating its absolute requirement in arginine synthesis is complicated by the presence of Ama activity that is able to fully compensate for the absence of both ArgE and ArgJ.
In bacteria, how commonly do both ArgE and ArgJ occur in the same organism? To estimate this, we used the S. meliloti ArgE and ArgJ sequences to search for orthologues in the KEGG database (http://www.kegg.jp/dbget/). The results were manually curated to eliminate multiple strains sequenced within the same species or subspecies and to ensure that the returned genes were at least 30 % identical to the S. meliloti query sequences. By this analysis, we found 372 unique bacterial species potentially encoding both ArgE and ArgJ. This represents 14.7 % of the 2518 unique bacterial species that have been completely sequenced (Land et al., 2015) . The same analysis performed with the S. meliloti HipO1 sequence as a query revealed that a HipO1 orthologue was present in 75.8 % of the unique species containing both ArgE and ArgJ.
Based on the relatively high enzymic activities of the purified enzymes, we propose that the S. meliloti HipO1, HipO2 and SMb21279 are responsible for Ama activity and that their collective inactivation in the argEJ mutant might be necessary to activate arginine auxotrophy. The ability of hipO1 and hipO2, but not smb21279, to complement the E. coli DargE::Km mutant further supports the functionality of at least the two former gene products. Genetic redundancies are common in S. meliloti and may be evolutionarily conserved because: (i) the combined activities of their products allow a net increase in the production of a metabolite; (ii) their products only partially overlap in their substrate specificities; or (iii) the genes or protein products are differentially regulated (diCenzo & Finan, 2015) . In P. aeruginosa PAO1, which encodes both argE and argJ, the arginine prototrophy of mutants inactivated in either gene was presumed to be due to genetic redundancy (Jacobs et al., 2003) . However, strain PAO1 also encodes a putative HipO (UniProt accession no. N297_3025) with 47-53 % deduced amino acid identity to the three S. meliloti HipOs.
We hypothesize that ArgJ is the 'housekeeping' enzyme for arginine biosynthesis in S. meliloti and that the megaplasmid-encoded ArgE functions in producing additional ornithine under specific conditions. The argE gene is preceded by a potential Pho-box but its expression does not change in response to medium phosphate concentration or phoB inactivation (Yuan et al., 2006) . Hippurate hydrolases have been enzymically characterized in a number of bacteria but their physiological role remains undefined (Steele et al., 2006) . Broad-specificity aminoacylases that deacetylate NAO have been shown to function either in addition to, or in place of, ArgE or ArgJ in Bacillus spp. and C. jejuni (Cho et al., 1987; Hani et al., 1999; Sakanyan et al., 1993a) . Genes encoding products with high similarity to the S. meliloti hippurate hydrolases occur in other rhizobia. The genomes of Sinorhizobium sp. NGR234, Rhizobium leguminosarum bv. viciae 3841, Rhizobium etli CFN42 and Mesorhizobium loti MAFF303099 encode proteins with 71-94 % amino acid identity to the S. meliloti HipO1. These species also encode proteins with 51-91 % amino acid identity to the S. meliloti HipO2. Proteins with about 85 % amino acid identity to SM_b21279 occur in R. leguminosarum bv. viciae 3841 and R. etli CFN42. Whether these enzymes in S. meliloti and other rhizobia evolved to participate in ornithine production or have distinct metabolic functions is not known.
The S. meliloti ArgJ is a monofunctional enzyme regulated at the biochemical, but not transcriptional, level by ornithine and so provides a second point of biochemical regulation of the pathway. The monofunctionality of the ArgJ necessitates that S. meliloti contain one or more enzymes with NAG synthase activity. We are currently working to identify these enzyme(s).
We failed to detect any apparent transcriptional regulation of the genes encoding argB, argE or argJ. The potential for genetic regulation of the S. meliloti arginine pathway thus remains an open question, although decreased expression of arg genes (and hipO1) in bacteroids versus cultured cells has been reported (Barnett et al., 2004) . To address their importance in planta, we are determining the symbiotic phenotypes of the 1021 argE, argJ and argEJ mutants on alfalfa, along with the construction of hipO1 and hipO2 mutants for this purpose. We hope that the results obtained will help to clarify whether ArgE, and perhaps one or more of the HipO orthologues, have condition-specific roles in arginine biosynthesis, or in producing the additional ornithine needed for the biosynthesis of compounds like polyamines.
